INTRODUCTION
Primary neuronal cultures from rodent hippocampus have become a standard preparation for studying synaptic physiology, offering in vitro mechanical stability and ready access to the extracellular space. The FM ® styryl dyes, which have a high membrane affinity, allow direct monitoring of vesicle release and uptake in presynaptic terminals in dissociated neuronal cultures, yielding valuable insights into transmitter release (for review see Reference 1) . Neuronal cultures have met significant criticism, though, for abnormal neuronal behavior that can result from formation of synapses and neuronal networks under artificial conditions, leading many to favor acute brain slice preparations or in vivo recording. For example, properties of inhibitory synapses in dissociated neuronal cultures exhibit abnormal maturation from postnatal days 6-15, continuing to show properties of early (P1-5) postnatal synapses even after 13-21 days in vitro (2) . Cortical oscillatory behavior in vivo does not require γ-aminobutyric acid (GABA) A -ergic transmission and disappears at postnatal days 6-7 (3), but develops much more slowly in cortical cultures only after days 9-15 in vitro, and this oscillatory activity now requires GABA A -receptor activation (4) . In brain slices, electrophysiology and histology typically supply, with fewer technical challenges, data that show excellent agreement with in vivo findings. Brain slices offer, over in vivo preparations, additional experimental windows of opportunity, but FM-imaging has been fatally hampered by nonspecific binding of dye.
In this study, we demonstrate that, in brain slices, two-photon laserscanning microscopy (TPLSM) of FM 1-43-labeled presynaptic terminals is a superior method for visualizing dynamics of total and readily releasable vesicle pools (TP and RRP). This method avoids many of the technical problems associated with microdialysis, quantal analysis, or presynaptic patch clamp recording. TPLSM gives superior signal over background as compared with quenching background fluorescence with a high concentration of sulforhodamine 101 (S-Rhd101; 50 μM) or using an even higher concentration of the β-cyclodextrin ADVASEP-7 (1 mM) as a carrier to facilitate wash-out of nonspecifically bound FM 1-43 (5) (6) (7) (8) , and TPLSM allows direct monitoring not only of vesicle release, but also of uptake.
MATERIALS AND METHODS

Slice Preparation
Wistar rats 15-22 days of age, were decapitated under deep ether anesthesia, the hippocampi were dissected free, and 300-μm-thick transverse slices were cut on a DTK-1000 vibratome (Dosaka, Kyoto, Japan) or a Vibracut 3 (FTB, Weinheim, Germany). Slices were placed in an interface holding chamber at 25°C for at least 1 h before 
Labeling of the Total and Readily Releasable Vesicle Pools
Brain slices were labeled with FM 1-43 by perfusing the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 μM) for 10 min to reduce spontaneous activity, followed by CNQX + FM 1-43 (5 μM; Molecular Probes, Eugene, OR, USA) for 5 min, and then CNQX + FM 10 Hz or 1-s bursts of 50 Hz stimulation, applied once every 30 s. These short, discontinuous bursts produced a much slower time course of release than continuous stimulation (7) (8) (9) (10) (11) . In this way, tissue movement artifacts were minimized and washout of released FM 1-43 from the vicinity of the synapse was facilitated.
Two-Photon and Confocal Imaging
FM 1-43 fluorescence was visualized using a DM LFS E upright microscope (Leica, Nussloch, Germany), twophoton or single-photon excitation, a water-immersion UV APO L 40×/0.80 W objective, and a Leica multispectral confocal laser scan unit. The light source was a Millennia ® 5 W diode laser source (Spectra-Physics, Fremont, CA, USA) pumping a Tsunami Ti: sapphire laser (Spectra-Physics) that provided 130-fs pulses at 82 MHz, 840 nm center wavelength for twophoton excitation and an Argon laser for confocal single-photon imaging. Epifluorescence was detected with confocal pinhole set to optimal width for confocal and maximally open for two-photon excitation with bandpass selection (Leica multispectral system) set wide for images, as indicated, or 30 nm width (±15 nm) for emission spectra. Kinetic data were recorded with bandpass-filtered nondescanned photomultiplier tubes behind the objective and a 1.3 numerical aperture oil condenser, optimized for signal over background (540-600 nm) based on the spectral analysis.
Ti:sapphire laser intensity was controlled with a variable-beam splitter exploiting polarization of the laser light and neutral density filters. Although there were no signs of photo damage, we always used the lowest intensity These spectra confirm that ADVASEP-7 does reduce background fluorescence over the whole FM 1-43 spectrum by about 65%. Surprisingly, ADVASEP-7 treatment also reduced the fluorescence of nerve terminal ROIs by a similar amount, approximately 54%. These changes are summarized in Figure 2B as integrals of brightest fluorescence from 550 to 605 nm, showing reduction of integral fluorescence by ADVASEP-7 for FM 1-43-labeled nerve terminals from 6009 ± 566 to 2765 ± 79 (average ± sem, n = 39 ROIs in 3 slices) and for background from 1982 ± 581 to 751 ± 17 (n = 15 ROIs in 3 slices). The third column shows that the net signal (nerve terminal signal -background) was reduced by about 50% from 4026 ± 300 to 1998 ± 452 (n = 3 slices). Apparently, there was substantial loss of vesicular FM 1-43 during ADVASEP-7 treatment, perhaps due to spontaneous vesicle turnover. Thus, the ratio of nerve terminal signal over background was only slightly improved, from 3.03 ± 0.42 to 3.65 ± 0.15 ( Figure 2B , fourth column).
Fluorescence Resonance Energy Transfer from FM 1-43 to SRhd101 Reduces the TPLSM Signal
An alternative approach for reducing nonspecific fluorescence is wash in of a high concentration of the hydrophilic dye SRhd101 (6) . Because of the high concentration and its lipophobicity, SRhd101 molecules will be in very close proximity to cell membranebound FM 1-43 facing the extracellular space, but excluded from the intraterminal vesicular compartment, where FM 1-43 is bound to the vesicle membrane interior. Therefore, SRhd101 can effectively absorb emission from membrane-bound, but not vesiclelaser-scanning microscopy (CLSM) and TPLSM. These images illustrate excellent resolution of fluorescent puncta by TPLSM, which was not achieved with CLSM. This is further illustrated by the plot of fluorescence against z for a 10 μm z-stack of images at 0.5 μm step size in Figure 1B . For TPLSM, peak fluorescence of a nerve terminal containing ROI was about 400% of background fluorescence. In contrast, background fluorescence using CLSM was more than twice as high, even as peak fluorescence was 25% less than TPLSM, so peak fluorescence of nerve terminals was only approximately 150% of background fluorescence. This striking difference in resolution was probably due mostly to the far superior z-axis resolution of TPLSM over CLSM, resulting in strong suppression of out-of-focus fluorescence of nonspecifically bound FM 1-43 and tissue autofluorescence. That presynaptic transmitter vesicles were indeed labeled was demonstrated by stimulation and Ca 2+ -dependent destaining of these nerve terminals. Stimulating with 10 Hz/5 s bursts every 30 s evoked destaining in response to the first stimulus burst of 2.6% ± 0.13% (mean ± sem) for high [K + ] o -loaded vesicles, versus 12.2% ± 0.17% for hypertonic shock-loaded nerve terminal vesicles. This destaining monotonically decreased with each subsequent burst stimulation. Presumably, released FM 1-43 gradually accumulated in the perisynaptic space, increasing reuptake of previously released FM 1-43 during vesicle recycling. Therefore, we consider the first evoked release after a prolonged wash of FM 1-43 the best direct measure of vesicular release not confounded by endocytotic uptake of FM 1-43.
Chelator ADVASEP-7 Reduces Nonspecific and Specific FM 1-43 Fluorescence
Kay et al. (5) and Zakharenko et al. (8) . have used the β-cyclodextrin ADVASEP-7 to bind and washout nonspecifically bound FM 1-43, reducing its associated fluorescence. Figure 2A shows emission spectra of FM-labeled nerve terminals (25 s hyperosmotic shock) and background necessary for an adequate signal-tonoise ratio. We acquired 512 × 512 pixel images (0.15 μm/pixel in the x-and y-axes). For puncta brightness depth profiles, images were acquired in 0.5-μm steps in the z-direction. In offline analyses, rectangular regions of interest (ROIs;
Only puncta that showed stimulusdependent destaining were analyzed (90% of puncta; nonreleasing sites showed approximately 4% destaining over a 20-min time course). All fields imaged were within 50-100 μm depth and 50-100 μm away from stimulating electrode poles. Destaining time courses were generated by normalizing each ROI time course to starting intensity, averaging the background fields to produce a dye bleaching time course, then dividing each ROI by bleaching at corresponding time points. Vertical bars are sems for the averages of all normalized and corrected boutons across experiments. Figure 1A shows image stacks at three focal planes separated by 3 μm and taken using either two-photon excitation (840 nm; images 1-3) or, for comparison, confocal singlephoton excitation (488 nm; images 4-6) from stratum radiatum of rat transverse hippocampal slices in which vesicles were labeled with Figure 3A shows that 50 μM SRhd101 reduced background fluorescence at 520 to 560 nm by approximately 35%, by shifting its energy to SRhd101 emission at 570 to 650 nm. There, fluorescence increased by approximately 900%, probably due to both lower background and direct two-photon excitation. Surprisingly, SRhd101 reduced nerve terminal fluorescence at 570 nm by approximately 75% ( Figure 3A) . Figure 3B shows, in groups of three, the integral of fluorescence from 520 to 560 nm (cut off at 560 nm to exclude background SRhd101 fluorescence) for FM 1-43 (red), for FM 1-43 + SRhd101 (light blue), and from 550-605 nm for FM 1-43 (dark blue), the respective background signals (second group), and net signals after background subtraction (third group), demonstrating the strong loss of nerve terminal signal with SRhd101 and twophoton excitation. The fourth group to the right shows strong reduction of the ratio of net fluorescence over background by SRhd from 2.59 ± 0.33 to 1.20 ± 0.07. This ratio is best for FM 1-43 alone and integral from 550 to 605 nm with a value of 2.85 ± 0.29. Apparently, in conventional microfluorometry, SRhd101 works primarily by suppression of out-of-focus fluorescence of FM 1-43. This effect is not much of an issue in TPLSM because of its high z-axis resolution.
RESULTS
Two-Photon Microscopy of FM 1-43-Labeled Nerve Terminals in Brain Slices
Selective Loading and Imaging of the RRP in Brain Slices
In dissociated cultures, a 1-s hyperosmotic shock (800 mOsm) selectively releases and recycles the RRP in a Ca 2+ -independent way (10,12) and has been used to selectively label the RRP with FM 1-43 (9) . In contrast to cultures, such fast changes are prevented inside brain slices because of slow diffusion in slice tissue (13) . We hypothesized that diffusion might be significantly faster for water by moving not only along the extracellular space but also across cells. Therefore, application of hyperosmotic solution to the slice surface might rapidly draw tissue water out of the slice, resulting in reasonably rapid hyperosmotic conditions within the slice. To load the RRP, we superfused brain slices for 10 min with CNQX and FM 1-43, rapidly exchanged the recording chamber ACSF with hyperosmotic ACSF with CNQX and FM 1-43, and then exchanging saline back to previous conditions after either 25 s or 2 min. This exchange was achieved by quick suction of the chamber saline and refilling with a 1-mL Eppendorf ® pipet twice serially. With 2 min of hyperosmotic treatment, we obtained punctate staining similar to loading of the total pool with high [K + ] o ACSF, but brightness of nerve terminals was only about 66% of that obtained with high [K + ] o loading ( Figure 4A ). When we monitored stimulus-evoked vesicular release after a 30-min drug-free washout phase, release evoked by the first stimulus burst was increased from 2.6% ± 0.13% for [K + ] o loading to 6.0% ± 0.13% for sucrose loading, indicating that some preferential loading of the RRP had been achieved ( Figure 4B ). The 66% brightness of nerve terminals in brain slices suggests that about 66% of vesicles were labeled, while in dissociated cultures, the RRP makes up about 28% of all vesicles (10, 14) .
In order to improve selectivity of loading of the RRP, we performed the same hypertonic shock as rapidly as possible (25 s). With this shorter hypertonic shock, we obtained a brightness of nerve terminals of approximately 30% of high [K + ] o -labeled terminals, in excellent agreement with RRP data from culture. Electron microscopy (EM) studies have confirmed that this period of hypertonic shock preferentially loads vesicles that are docked or within 200 nm of the active release zone (11) . Figure 4B demonstrates strongly and uptake of SRhd101 into recycling vesicles (6, (20) (21) (22) (23) , so that signal-tobackground ratio became even worse.
ADVASEP-7 treatment for removing nonspecifically bound FM 1-43 strongly reduced specific and nonspecific fluorescence to similar extents (approximately 54% and 65%, respectively), but with a modest 20% improvement in signal-to-background ratio, at significant cost of time and signal loss. Again, loss of specific signal is probably explained by spontaneous vesicle turnover during application. Moreover, destaining kinetics with continuation of burst stimulations was not significantly accelerated, as we had hoped to occur by ADVASEP-7 binding of released FM 1-43, probably due to vesicular uptake of the strongly fluorescing ADVASEP-7-FM 1-43 complex (unpublished data). Both SRhd101 and ADVASEP-7 treatments require moderate to high concentration with unknown risk of nonspecific effects. In conclusion, direct TPLSM is currently the method of choice for studying vesicle dynamics with FM 1-43 in brain slices.
Discriminating Vesicle Pools in Brain Slices
In hippocampal cultures, 1-s hyperosmotic shock releases and recycles specifically the RRP, while specificity is lost with longer duration hyperosmotic shocks. Even in normotonic conditions, RRP vesicles equilibrate within min with the remainder of reserve pool vesicles in hippocampal dissociated neuronal cultures. In brain slices, because of slower diffusion due to a narrow and highly tortuous extracellular space, exchange of dissolved compounds occurs on a time scale of tens of min at best (13), precluding 1s hyperosmotic shocks. Surprisingly, 25-s hyperosmotic conditions specifically labeled a pool of vesicles that releases much faster than the total pool, and this labeling is still selectively in RRP vesicles even tens of minutes later (11, 24) . This typical RRP has been characterized as a rapidly recycling pool consisting of the sum of readily releasable docked vesicles, and vesicles rapidly recycling back into the RRP (for review see Reference 1).
improved selectivity for the RRP, in that destaining by the first stimulus burst was accelerated from 6% (2 min) to 12.2% ± 0.17% after 25 s hypertonic loading. The relative destaining rate for the three loading protocols is in excellent agreement with an RRP size of 25%-30% that was completely labeled with all three loading protocols, while the remaining signal went into the reserve pool. The retention of FM 1-43-labeled vesicles in the RRP through the 30-min wash of FM 1-43 is quite surprising in comparison to data from hippocampal culture, where RRP vesicles completely redistribute with the reserve pool within a few minutes (9, 15) , and is of fundamental importance.
Frequency Dependence of Vesicle Recycling
It has been shown in hippocampal cultures that the RRP has, in contrast to classical recycling, the capability for fast vesicle recycling to sustain high frequency transmission (9) . Therefore, different recycling properties might become obvious with equal number of stimuli applied at two different burst frequencies: (i) 10 Hz, where less endocytosis has been suggested, and (ii) 50 Hz, where rapid reuse of vesicles should occur (16) . Figure 5A shows that the loss of RRP fluorescence during 50 Hz stimulation in the presence of 10 μM CNQX was markedly reduced to 56.8% ± 5.7%, as opposed to 73.3% ± 3.7% for 10 Hz stimulation, probably due to rapid return of vesicles into the RRP during the stimulus train.
Monitoring Endocytosis of Vesicles
Monitoring activity-dependent uptake of FM 1-43 into nerve terminals has demonstrated uptake well separated in time from exocytosis (9, 17, 18) . SRhd101 or ADVASEP-7 treatment interferes with this uptake recording, but not direct TPLSM. Figure 5B shows monotonically increasing FM 1-43 fluorescence representing vesicular uptake of FM 1-43 into stratum radiatum nerve terminals during 2-s burst stimulations (10 Hz) every 30 s in the presence of 5 μM FM 1-43 and 10 μM CNQX (n = 112 puncta in 8 slices).
DISCUSSION
Monitoring Vesicle Kinetics in Brain Slices
We have analyzed new methods for directly monitoring vesicular release in brain slices from TP and RRP using TPLSM to image FM 1-43 in presynaptic transmitter vesicles. We found that TPLSM is excellent in suppressing background fluorescence by membrane-bound FM 1-43, while much of this out-of-focus fluorescence confounds images generated by confocal imaging (Figure 1 ). In contrast, two-or multiphoton excitation results in greatly improved limitation of depth of excitation to the focal plane, allowing clear resolution of FM-labeled nerve terminals. While the spectral measurements help evaluation, the best FM 1-43 signals have been obtained with nondescanned detectors behind the objective or condenser with optimized bandpass filters.
With conventional charge-coupled device (CCD)-imaging, resolution of FM 1-43-labeled nerve terminals is only possible with additional molecules to reduce background fluorescence. To exploit FRET to reduce background FM 1-43 fluorescence, 50 µM SRhd101 needs to be washed into slices for 20 min (6,7). ADVASEP-7 (1 mM) needs to be washed in and out to scavenge and remove lipid-bound and, strongly fluorescing, ADVASEP-7-bound FM 1-43. ADVASEP-7 may even be used to detect release of FM 1-43 by its bright fluorescence after binding to ADVASEP-7 (5). TPLSM does, however, resolve FM 1-43-labeled nerve terminals in the presence of ADVASEP-7 (Reference 8 and this paper). Slow diffusion in slice tissue (13) 
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Presumably, the hyperosmotic shock overcomes the diffusion problem by drawing tissue water rapidly out of the slice. Apparently, exchange between the RRP and the reserve pool is quite a bit slower in slices than in culture (9, 17) . This fundamental observation greatly facilitates study of the RRP in brain slices. Subtracting raw fluorescence data of the RRP from the data of the TP even allows analysis of reserve pool kinetics (11) .
Interpretation of FM Destaining Time Courses in Brain Slices
During a series of release events, FM 1-43 can accumulate in the extracellular space and its limiting cell membranes. Dye reuptake during subsequent vesicle endocytosis will reduce the rate of fluorescence destaining, now reflecting the net sum of release and reuptake. Apparently, destaining in response to the first stimulation burst (1-5 s) after a 30-min wash of FM 1-43 gives the best selectivity for release kinetics, while reduced destaining in response to subsequent stimulus bursts suggests increased confounding contribution of FM 1-43 endocytosis. Nevertheless, stimulation-dependent destaining can be clearly recorded as early as 15 min after wash of FM 1-43 (24) .
The much longer FM 1-43 destaining time constant of Schaffer collateral (5) and mossy fiber (1) nerve terminals in slices, compared with terminals in hippocampal culture (6, 21, 23) , can be explained by this accumulation problem. Likewise, presynaptic longterm depression (LTD) or long-term potentiation (LTP) of synaptic strength is visible in the initial destaining rates, with little change in later destaining rates during a test train (8, 11, 24) . Our observation that the same number of stimuli applied at 50 Hz evoked less destaining than a 10 Hz train is further suggestive of significant dye reuptake by rapid vesicle recycling during 50 Hz activation, assuming that frequency facilitation outbalances depression for the 50 Hz train (1 s) in comparison to the 10 Hz train (5 s) (16) .
The ability to study FM 1-43 uptake into nerve terminals is of great importance for the investigation of how neurotransmitters and signal 2% ± 1.7%, 6% ± 1.3%, and 2.2% ± 1.3% for the first burst and by 18% ± 1.9%, 8.6% ± 1.8% and 4.7% ± 1.7% for the first two bursts, respectively. These results further support that a 25-s sucrose treatment preferentially loads the readily releasable vesicle pools (RRP), while a 2-min treatment may load, in addition, about 40% of the reserve pool.
transduction pathways control replenishment of different vesicle pools in nerve terminals. In frog neuromuscular junction, massive endocytosis of vesicles into the reserve pool has been shown to occur following a 1-min stimulus train, while recycling into the RRP occurred during the stimulation (18) . It remains to be determined whether similar massive or prolonged stimuli can elicit plasticity of the rate of exchange between vesicle pools, but such effects seem likely to occur. In our uptake experiments we could not discriminate to what extent during and to what extent after burst-evoked exocytosis, endocytosis with uptake of FM 1-43 has occurred (17) . Decrease of rate of fluorescence increase with continued stimulation is presumably due to increased release of vesicles that had been labeled already during previous release and recycling events. An advantage of uptake over release experiments is that uptake can be monitored in the presence of a stable extracellular FM 1-43 concentration. This makes interpretation of time courses still more straightforward.
